Abstract: This study was designed to examine the changes in capillary geometry, especially the distribution of arteriolar and venular capillaries, in the skeletal muscles of female Wistar rats after endurance training with and without chronic CoCl 2 administration. Four groups of rats were used: non-treated sedentary, non-treated training, Co -treated rats drank water containing 0.01% CoCl 2 for 5 weeks. Morphological findings were obtained from the soleus (SOL), deep (PLd) and superficial (PLs) portions of plantaris, and diaphragm (DIA) muscles. Co 2ϩ administration significantly increased the blood hemoglobin concentration by approximately 25% with and without training. Only in DIA, the Co 2ϩ treatment alone significantly increased total capillary density and the capillaryto-fiber ratio (C : F) (pϽ0.05). Both training groups with and without Co 2ϩ administration showed a significant increase in the C : F in SOL and PLd (pϽ0.05). In PLd, the increase was significantly greater in the Co 2ϩ -treated training group than in the non-Co 2ϩ -treated training group (pϽ0.05). Training significantly increased the proportion of arteriolar capillaries while it decreased that of venular capillaries in both SOL and PLd (pϽ0.05). These changes were also observed in PLd after training with Co 2ϩ . The densities of VEGF-positive and TGF-␤1-positive capillaries remained unchanged in all muscle portions examined after either Co 2ϩ administration or exercise training. These results suggest that chronic Co 2ϩ administration causes adaptive changes in the oxygen transport system in respiratory muscle and facilitates exercise-induced angiogenesis in hind-leg muscles. [ causes functional adaptation to hypoxia in skeletal muscle has not yet been determined. Numerous studies have reported that endurance exercise training induces a marked increase in capillarity in skeletal muscles (e.g., Hermansen and Wachtlova [9] ). While the regulating mechanisms in exercise-induced angiogenesis have not been clearly understood, reduced oxygen tension [10] and/or mechanical factors, such as shear stress and tissue stretching [11] , may stimulate the expression of peptide angiogenic factors, such as VEGF. Since both exercise-induced local tissue hypoxia and hypoxic stimulation induced by Co 2ϩ administration may enhance VEGF expression, it appears possible that exercise training under chronic Co 2ϩ administration further facilitates exercise-induced microvascular remodelling.
After 6 weeks of endurance running training, the density of the arteriolar portion of capillaries in the soleus muscle was markedly increased while that of the venular portion was slightly decreased in both young and middle-aged rats [12] . In a previous investigation, an increase in the venular portion of capillaries occurred within 1 week after the onset of endurance running training followed by an increase in the arteriolar portion of capillaries [13] . These findings suggest that, while in the process of exercise-induced microvascular remodelling, a sprouting of new capillaries occurs predominantly at the venular portion of the capillary network followed by the arterialization of pre-existing capillaries. Investigating the changes in the distribution of arteriolar and venular portions of the capillary may specify adaptive changes in the microvascular network after Co 2ϩ administration and/or exercise training.
In the present study, experiments were designed to examine the changes in capillary geometry, especially the distribution of arteriolar and venular capillaries, in hind-leg and diaphragm muscles after endurance training with chronic CoCl 2 administration.
METHODS
This study was approved by the Animal Care and Use Committee of Hokkaido University of Education and performed in accordance with the "Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences" of the Physiological Society of Japan.
Animals, experimental condition, and muscle samples. Thirty-one (10-week-old) female Wistar rats were purchased from Clea Japan Inc.
(Tokyo, Japan). After the rats were fed for 2 weeks to allow adaptation to the new environment, they were randomly divided into the following four groups according to treatment and exercise conditions: nontreated sedentary (CNT, nϭ8), non-treated training (TR, nϭ7), Co 2ϩ -treated sedentary (Cob, nϭ8), and Co 2ϩ -treated training (CoTR, nϭ8). The treatment and exercise training were started at 12 weeks of age. At this point, the body weight of the rats ranged from 180 to 225 g, and was not significantly different among the four groups. During the second week of the adaptation period, all rats were subjected to treadmill running for 2 min/d for 3 d. All rats were housed under conditions of control temperature (24Ϯ1°C) and a relative humidity of approximately 50%. Lighting (7:00-19:00) was controlled automatically. All rats were given commercial laboratory chow (CE-2, Clea Japan Inc.) ad libitum. Rats in the non-treated groups drank tap water, whereas rats in the Co 2ϩ -treated groups drank water containing 0.01% CoCl 2 . Body weight and water intake were measured twice and three times per week, respectively. The average CoCl 2 intake, estimated from water intake, was 11.6 and 10.6 mg/kg/d in the Cob and CoTR groups, respectively. Since the rats were housed two or three per cage, the water intake per individual rat was estimated from the water intake per cage.
The training groups were subjected to treadmill running using a rodent treadmill (KN-73, Natsume Co., Tokyo, Japan). The rats ran 10 min/d at 25 m/min with a 20% gradient on the first day of training and then the duration was increased by 3 min/d. The speed and gradient were maintained throughout the remaining training period. At the end of the 4th week, the rats were running continuously for 1 h/d. This final duration was maintained throughout the remaining training period. The training session was carried out 5 d/week.
The animals were not exercised for at least 48 h prior to the time of sacrifice. Under light anesthesia with ether, the rats were anesthetized with pentobarbital sodium (50 mg/kg I.P.). A toe pinch response was used to validate adequate anesthesia, and then the left soleus (SOL) and plantaris (PL) muscles were excised and weighed. The muscles were fixed at the length measured when the knee joint was maximally extended and the tibiotarsal joint was fixed at 90°. The anterior costal region of the diaphragm (DIA) was excised and washed in cold saline, and all DIA samples were treated in a similar fashion. The muscles were placed in embedding medium, O.C.T. compound (Miles Inc., Elkhart, IN, USA), and rapidly frozen in isopentane cooled to its freezing point (Ϫ160°C) with liquid nitrogen. For biochemical analyses, the remaining muscles (i.e., right side) were excised and frozen in liquid nitrogen. The muscle samples were stored at Ϫ80°C until analysis. Blood was sampled from the abdominal aorta, and hemoglobin concentration was measured using a commercial laboratory kit (A525, Sigma Diagnostics, St. Louis, MO, USA).
Histological analyses. Four consecutive sections, 6 m thick, were cut from the mid-belly of the muscle using a cryotome (CM-1500; Leica Japan Co., Tokyo, Japan) at Ϫ20°C. The sections were stained sequentially using (1) a negative control for immunohistochemistry, (2) an anti-VEGF antibody, (3) alkaline phosphatase (AP) and dipeptidyl peptidase IV (DPP IV) in the capillary endothelium, and (4) an anti-TGF-␤1 antibody. Morphological analyses were obtained from the SOL, mixed fiber (PLd) and predominantly fast fiber (PLs) portions of the PL, and DIA. Total cross-sectional areas used for each morphological measurement were 1.06 mm 2 per muscle. The profiles of arteriolar and venular portions of the capillary were determined using the staining method for AP and DPP IV in the capillary endothelium. The original staining protocol was described by Lojda [14] . Briefly, tissue sections were incubated in a mixture reactive to DPP IV in the capillary endothelium, which stained the venular portions of capillaries red. The sections were then transferred to a mixture reactive to AP, which stained the arteriolar portions of capillaries blue. The transitional zone along the capillary length that demonstrated both AP and DPP IV activity was stained a violet color. The validity of this double staining method for differentiation of arteriolar and venular capillary portions was confirmed previously [14, 15] . The images of incubated sections were digitized using a digital microscope camera (PDMC le, Polaroid Co., Cambridge, USA) attached to a light microscope (BX-50, Olympus Co., Tokyo, Japan) and were stored on computer disk. The capillary profiles were identified as either arteriolar (blue), venular (red), or intermediate (violet) . The parameters of the measurements were: capillary density (the number of capillaries per mm 2 ); capillary-to-fiber ratio (the number of capillaries per mm 2 divided by the number of muscle fibers per mm 2 ); and proportion of the density of each capillary to the total capillary density, as a percentage. Six non-overlapping microscopic fields were selected at random from each muscle sample when the microscope was set at phase-contrast (i.e., the color of the capillary was not detected by the observer). During the measurements, the observer was blind as to the source (groups) of each slide.
For VEGF and TGF-␤1 immunodetections, the sections were fixed in cold (4°C) acetone for 10 min and then rinsed for 5 min in phosphate-buffered saline with 0.05% Tween-20 (PBST). Endogenous peroxidase activity was blocked by incubation in 0.1% hydrogen peroxide in methanol for 30 min. Nonspecific binding was blocked with 10% normal goat serum for 2 h. The sections were then incubated with primary antibodies in a humidified chamber at 4°C for 18 h. VEGF was detected using a rabbit polyclonal antihuman antibody (VEGF (A-20), sc-152, Santa Cruz Biotechnology, Santa Cruz, USA; 1 : 500), which was reported to react with rat VEGF [16] . For TGF-␤1 detection, a rabbit polyclonal anti-human antibody (TGF-␤1(V), sc-146, Santa Cruz Biotechnology; 1 : 500) was used. The primary antibody reaction was amplified with a streptavidin-biotin (SAB) method using a Histofine SAB-PO(R) kit (Nichirei Co, Tokyo, Japan). The sections were exposed to 3,3-diaminobenzidine (DAB) to obtain a brown reaction product using a DAB substrate kit (Nichirei Co.). Then the sections were counterstained with Mayer's hematoxylin for 10 s and mounted with Crystal Mount (Biomeda Co., CA, USA) and Permount (Fisher Scientific, PA, USA).
Muscle cross-sections, 10 m thick, were stained for myofibrillar ATPase after preincubation at both pH 10.3 and 4.6 to classify types I, IIa, and IIb muscle fibers [17] . The images of incubated sections were digitized and stored on computer disk as described in the capillary profile measurements.
Biochemical analyses. Muscle homogenates (5% (w/v)) were obtained from approximately 50 mg of frozen tissue homogenized for two interrupted 15-s bursts with a Polytron homogenizer (set at 15,000 rpm) in ice-cold medium (20 mM sodium phosphate buffer, pH 7.4; 5 mM ␤-mercaptoehanol; 2 mM EDTA; 0.02% bovine serum albumin (BSA)). After centrifugation at 13,000ϫg for 15 min at 0°C, the supernatant was divided into four aliquots. One aliquot was used for phosphofructokinase (PFK) assays according to Passonneau and Lowry [18] on that day. Other aliquots were stored at Ϫ80°C until each measurement. The activities of ␤-hydroxyacyl-CoA-dehydrogenase (HAD) and lactate dehydrogenase (LDH) were assayed according to the methods of Bass et al. [19] . The activity of citrate synthase (CS) was determined according to the methods of Srere [20] . All measurements were carried out at 25°C with a spectrophotometer (U-2001, Hitachi Co., Tokyo, Japan).
Statistical analysis. All values are expressed as meansϮSE. Using the Kolmogrov-Smirnoff test, the distribution of all parameters was tested to determine whether or not it was compatible with a normal distribution. The two-way analysis of variance (ANOVA) was used to test the effects of training, drugs, and their interactions. If the two-way ANOVA was significant, differences among the four groups were analyzed using one-way ANOVA and the Fisher PLSD post-hoc test. Differences were considered to be statistically significant at pϽ0.05.
RESULTS
Body weights at the end of the treatment were not significantly different among the four groups (Table 1) . Organ weights showed no significant difference among the four groups, except that the weight of PL was significantly greater in the CoTR group than in the other three groups (pϽ0.05). In the PL and gastrocnemius, the muscle weight-to-body weight ratios were significantly greater in the CoTR group than in the other three groups (pϽ0.05). Co 2ϩ administration significantly increased the blood Hb concentration by 25 and 20% respectively in the Cob and CoTR groups compared with the CNT group (pϽ0.05). Figure 1 shows micrographic images of sections that demonstrate capillary profiles from the DIA muscle. Co 2ϩ administration significantly increased the total capillary density only in the DIA ( pϽ0.05; Fig.  2 ). The total capillary density in the SOL tended to be greater in the Cob group than in the CNT group. The training significantly increased the total capillary density in the DIA (pϽ0.05). In the SOL and PLd, the density of venular capillaries showed significantly lower values in the TR group than in the CNT group (pϽ0.05). The training with Co 2ϩ administration significantly increased the total capillary density in the SOL and DIA, and increased the density of arteriolar capillaries in the DIA (pϽ0.05).
Co 2ϩ administration significantly increased the capillary-to-fiber ratio (C : F) in the DIA (pϽ0.05, Table  2 ). Both training and training with Co 2ϩ significantly enhanced the C : F values in the SOL (TR: 8%, CoTR: 9%) and PLd (TR: 6%, CoTR: 13%) (pϽ0.05). In the PLd, the degree of increase was significantly greater in the CoTR group than in the TR group (pϽ0.05). In the DIA, training alone did not affect the C : F values, but the C : F tended to increase after training with Co 2ϩ . The proportion of each capillary portion was not affected by Co 2ϩ administration alone (Table 2) . Training significantly increased the proportion of arteriolar capillaries and decreased the proportion of venular capillaries in both the SOL and PLd (pϽ0.05). A significant decrease in the proportion of venular capillaries was also observed in the PLd after training with Co 2ϩ (pϽ0.05). Figure 3 shows micrographic images of serial sections that demonstrate capillary profiles and VEGF and TGF-␤1 localizations from the PLd. The densities of VEGF-positive and TGF-␤1-positive capillaries showed no significant difference among the four groups in any muscle portions examined (Fig. 4) . Table 3 shows mean fiber cross-sectional area (FCSA) and fiber type composition in the four groups. : significantly different from the CNT, TR, and Cob groups, respectively, at pϽ0.05. x, y, and z: cobalt administration, training effects, and their interaction, respectively, were significantly different at pϽ0.05 (two-way ANOVA). 
Co
2ϩ administration alone did not affect the FCSA in any muscle portions examined. Training significantly increased the FCSA in type I fiber of the SOL and in type IIa fiber of the PLd (pϽ0.05). In both type I (22%) and IIa (23%) fibers of the PLd, the FCSA was significantly increased after training with Co 2ϩ (pϽ0.05).
In the SOL, a decrease in the proportion of type I fiber and an increase in the proportion of type IIa fiber were observed in both the Cob and CoTR groups as compared to the CNT group (the cobalt effect of the two-way ANOVA was significant; Table 3 ). The pro-Oxygen Sensing and Muscle Capillarity portion of type IIa fiber in the PLd showed a significantly greater value in the CoTR group than in other three groups (pϽ0.05).
Co 2ϩ administration alone did not affect enzyme activities in any muscle examined (Fig. 5) . Training significantly enhanced the activities of the PFK, CS, and HAD in the SOL ( pϽ0.05), and slightly enhanced CS activity in the PL. In the PL, training significantly decreased LDH activity (pϽ0.05). Training with Co 2ϩ significantly increased the activities of CS and HAD in the SOL (pϽ0.05). PFK activity in the SOL and CS activity in the PL tended to be greater in the CoTR group than in the CNT group. Neither training alone nor training with Co 2ϩ affected enzyme activities in the DIA.
DISCUSSION
Effects of CoCl 2 administration. In the present study, as reported in previous studies in animals [8] and humans [21] , chronic oral administration of CoCl 2 induced polycythemia without an effect on body or organ weights (Table 1 ). Although the blood EPO level was not measured in the present study, these observations strongly suggest the activation of an oxygen-sensing mechanism that senses low oxygen, stabilizes HIF-1␣, and allows cells to adapt to hypoxic conditions.
Hypotheses were previously developed to describe the mechanisms by which cobalt mimics hypoxia (i.e., stabilizes HIF-1␣) [2] . Concerning the cellular oxygen-sensing mechanisms, it was reported recently that the protein of von Hippel-Lindau disease (PVHL) mediates the degradation of HIF-1␣ through a ubiquitinproteasome pathway [6] . The interaction between pVHL and HIF-1␣ is disrupted by cobalt, and consequently stabilizes HIF-1␣ [7] . The results of Yuan et al. [22] suggested that cobalt binds to HIF-2␣ in vitro and that the cobalt binding site overlaps with the pVHL binding site. They postulated that cobalt disrupts the interaction between pVHL and HIF-2␣ by directly binding to HIF-2␣ in vivo.
Excess amounts of Co 2ϩ are cardiotoxic in humans and animals, known as the cobalt cardiomyopathy [23] . Endoh et al. [8] reported that the chronic (43 d) oral administration of 0.01% CoCl 2 , the same amounts as in the present study, showed normal weight gain and normal wet weight of the heart in rats. Their histological studies excluded the possibility of degeneration, hypertrophy, or inflammatory changes in the myocardium, and they concluded that their method of cobalt administration was adequate to activate the cellular oxygen-sensing mechanism without significant damage to the myocardium. Since, in the present study, body, whole heart, and ventricle weights showed no significant difference after treatment (Table 1) , it is possible that cardiac function was not affected by the present administration of Co 2ϩ . Chronic administration of Co 2ϩ in the present study increased muscle capillarity in respiratory muscle, identified as a significant increase in the total capillary density (Fig. 2) and C : F ratio (Table 2) in the DIA. However, in the DIA, the densities of VEGF-positive and TGF-␤1-positive capillaries remained unchanged after Co 2ϩ administration (Fig. 4) . In the rat heart, chronic administration of Co 2ϩ induced significant levels of VEGF mRNA after 7 and 14 d of administration, but the induction level was comparable to the non-treated heart after 30 d of administration [8] . It is, therefore, possible that capillary angiogenesis in the DIA occurs predominantly in the early stage of Co 2ϩ administration.
In the present study, Co 2ϩ administration did not affect capillarity in the hind-leg muscles (Fig. 2 and Table 2 ). Moreover, the densities of VEGF-positive and TGF-␤1-positive capillaries remained unchanged after Co 2ϩ administration (Fig. 4) . Although chronic administration of Co 2ϩ is not equivalent to chronic exposure to hypoxic atmosphere, the present results are consistent with the findings of previous investigations showing that chronic hypoxia alone does not improve capillarity in the hind-leg muscles [24, 25] .
Co 2ϩ administration appears to induce transformation of the muscle fiber types from type I into type IIa fibers in the SOL (two-way ANOVA, pϽ0.05; Table  3 ). This result raises the possibility that fiber type transformation occurs, at least partially, via a cellular oxygen-sensing mechanism. After chronic exposure to a hypoxic atmosphere, some studies did not observe any significant differences in fiber composition of the SOL [24] [25] [26] , whereas others reported fiber type transformation of slow-twitch (SO) fibers into fast-oxidative-glycolytic (FOG) fibers in the same muscle [27] .
Although Co 2ϩ administration stimulates the transcription of various glycolytic enzyme genes in vitro [28] and in vivo [8] , possibly via HIF-1, the effects of Co 2ϩ administration on enzyme activity in skeletal muscle have not yet been determined. In the present study, the activities of CS, HAD, PFK, and LDH did not change after Co 2ϩ administration in either hindleg muscles or the DIA muscle (Fig. 5) , suggesting that activation of the cellular oxygen-sensing mechanism by Co 2ϩ does not affect muscle enzyme activity. Effects of training with and without Co 2؉ administration. The present study showed that endurance training with Co 2ϩ treatment further facilitated exercise-induced angiogenesis in hind-leg muscles. In the PLd, although there was a significant increase in the C : F ratio for training groups with and without Co 2ϩ , the value was significantly greater in the CoTR group than in the TR group (pϽ0.05; Table  2 ). However, a further increase in muscle capillarity was observed only in the PLd ( . Since type IIa fiber has a high oxidative capacity, it appears possible that the contribution of the PL muscle to daily endurance exercise was greater in the CoTR group than in the TR group.
As reported previously [12, 13] , significant increases in the proportion of arteriolar capillaries and decreases in the proportion of venular capillaries were observed in hind-leg muscles after training alone (pϽ0.05; Table 2 ). After training with Co 2ϩ administration, these changes were observed in the PLd but not in the SOL, even though the number of capillaries increased in both muscle portions ( Table 2 ). An increase in the venular portion of capillaries occurred within 1 week after the onset of endurance running training followed by an increase in the arteriolar portion of capillaries [13] . This finding suggests that, while in the process of exercise-induced microvascular remodelling, a sprouting of new capillaries occurs predominantly at the venular portion of the capillary network followed by the arterialization of pre-existing capillaries. As mentioned above, the contribution of the PL muscle to daily exercise may become greater in the CoTR group than in the TR group after a specific proportion of type IIa fibers has developed. In contrast, the contribution of the SOL muscle may become slightly lower in the later stage of training with Co 2ϩ . Since the arterialization of pre-existing capillaries is facilitated by the metabolic vasodilation of arterioles [29] , it appears possible that, in the present SOL muscle, an increase in the arteriolar portion of capillaries, possibly caused by arterialization of the capillaries, was attenuated at a later stage of training with Co 2ϩ . The present results, showing that the densities of VEGF-positive and TGF-␤1-positive capillaries did not change after 5 weeks of either endurance training or training with Co 2ϩ administration (Fig. 4) , may be due to the attenuated gene expression of angiogenic growth factors in the later stage of training. In the rat heart, chronic administration of Co 2ϩ induced significant levels of VEGF mRNA after 7 and 14 d of administration, but the induction level was comparable to the non-treated heart after 30 d of administration [8] . Moreover, VEGF gene expression in response to a single exercise bout is attenuated after 8 weeks of exercise training in human skeletal muscle [30] . Although endurance training with Co 2ϩ is not equivalent to hypoxic exercise training, several studies have shown that expressions of angiogenic growth factor mRNAs are increased in skeletal muscle after acute single bouts of exercise and that acute hypoxic exercise further augments these mRNA responses in hu-mans [31, 32] and in rats [33] . However, prolonged exposure to hypoxia (12% O 2 for 8 weeks) attenuated the gene expression of VEGF and its receptors in rat gastrocnemius muscle at rest and after a single exercise bout [34] .
Concerning muscle biochemical properties, the present study showed that endurance training resulted in increased oxidative capacity with a slight reduction in anaerobic capacity irrespective of Co 2ϩ treatment (Fig. 3) . This result suggests that activation of the cellular oxygen-sensing mechanism did not affect changes in enzyme activities in response to endurance training.
In conclusion, the present study has shown that chronic Co 2ϩ administration was found to facilitate capillary angiogenesis in rat diaphragm muscle. Moreover microvascluar remodelling, identified as changes in the proportion of arteriolar and venular capillaries, after endurance training with Co 2ϩ administration were muscle-type-dependent. Although the precise factors responsible for these results require investigation, the present results suggest that activation of the cellular oxygen-sensing mechanism induced by Co 2ϩ administration further facilitates exercise-induced microvascular remodelling in the hind-leg muscles.
